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In recent years, the interest in polymeric batteries has increased dramatically. 
With the advent of lithium ion batteries being used in cell phones and l ptop 
computers, the search for an all solid state battery has continued. Current 
configurations have a liquid or gel electrolyte along with a separator between the 
anode and cathode. This leads to problems with electrolyte loss and decreased 
performance over time. The highly reactive nature of these electrolytes necessitates 
the use of protective enclosures which add to the size and bulk of the battery. Polymer 
electrolytes are more compliant than conventional inorganic glass or ceramic 
electrolytes. The goal of this work was to design and investigate nov l nanoscale 
polymer electrolyte flexible thin films based on the self-assembly of block 
copolymers. 
  
Block copolymers were synthesized, consisting of a larger PEO block and a 
smaller block consisting of random copolymer of methyl methacrylate (MMA) and 
the lithium salt of methacrylic acid (MAALi). The diblock copolymer [PEO-b-
(PMMA-ran-PMAALi)] with added lithium bis(oxalato)borate, LiBC4O8 (LiBOB) 
salt (in the molar ratio ethylene oxide:LiBOB = 3:1) was used to form flexible 
translucent films which exhibited nearly two orders of magnitude greate  conductivity 
than that shown by traditional high molecular weight PEO homopolymer electrolytes, 
in the absence of ceramic fillers and similar additives. The presence of the smaller 
second block and the plasticizing effect of the bulky lithium salt were shown to 
effectively reduce the crystallinity of the solid electrolyte, resulting in improved ion 
transporting behavior. The tailored solid self-assembled diblock copolymer 
electrolyte matrix also exhibits an exceptionally high lithium-ion transference number 
of 0.9, compared to a value between 0.2 and 0.5, shown by typical polymer-lithium 
salt materials. The electrolyte material also has a wide electrochemical stability 
window and excellent interfacial behavior with lithium metal electrode. The 
combination of these properties make electrolyte membranes composed of the diblock 
copolymer PEO-b-(PMMA-ran-PMAALi) and LiBOB salt, viable electrolyte 
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1.1  Significance 
The goal of this research is to investigate the use of novel thin film battery 
electrolytes based on the self-assembly of block copolymers. The developed all-solid 
state nanoscale polymeric electrolyte could result in a light-weight shape conforming 
battery that employs an electrolyte without the risk of leakage of toxic and corrosive 
liquid electrolytes. Such a solid electrolyte would also effectiv ly perform the role of 
a separator, suppressing dendritic growth through the electrolyte. Solid p lymer 
electrolytes are generally more electrode compliant than conventional inorganic or 
ceramic electrolytes and gel-type electrolytes. The ease of processing of solid 
polymers would allow for the production of thin film nanoscale batteries that could be 
wound into coils or processed as sheets or coatings. The self-assembly of block 
copolymers has been used as templates to create this unique nanoarchitectu e. One of 
the distinct advantages of block copolymers is the controllability of the size and 
morphology of their self-assembled periodic nanostructures by altering the volume 




block, morphologies like lamellae, hexagonal closed packed cylinders, bicontinuous 
gyroids and body centered cubic spheres can be obtained. A polymeric electrolyte 
based on nanoscale self-assembly will provide for devices with integrated electronics 
and can be distributed over a large substrate area as freestanding flexible films or 
coatings. In the design of miniature devices, the shape and weight of the energy 
source is a major constraint. The risks of electrolyte leakage and flammable 
components give rise to safety concerns, which have been a key deterrent in the use 
of batteries for implantable systems. The inherent reactivity of the electrolyte imposes 
the need for bulky containment layers. A polymer electrolyte based battery system 
would require a laminating layer, for example Mylar, to shield it from external 
elements. Such a battery system will provide for a lighter and flexible energy source 
that would be intrinsically safe and biocompatible. Stand alone sensors and medical 
devices like pacemakers, implantable pumps and treatment probes would benefit
greatly from the conformal and safe nature of all-solid polymer el ctrolyte based 
energy sources. 
Applications can be found in devices like BIONs™, that are implanted under a 
patient’s skin with the function of tissue simulation, parameter monitori g and data 
communication [1]. Endoscopy, a minimally invasive medical diagnostic pro edure, 
has been a popular tool for visual inspection of affected sites inside the body. This 
technique was further revolutionized by the advent of wireless capsule endoscopy [2]. 
It is interesting to note that the main constraint to the size and shape of this untethered 





Advances in science have envisioned the creation of mobile manipulators that 
would transport sensors, drug delivery devices, and cell harvesting tools to the desired
locations in the body and possess the essential degrees of freedom to perform the 
necessary diagnostic and treatment tasks. Such a manipulator would need to (1) 
operate in-vivo without causing any damages to the surrounding organs/tissues, (2) 
carry the necessary payloads, (3) provide power to the payloads, and (4) send the 
information to the external instruments. One of the fundamental limitat ons that make 
it very challenging to realize the desired manipulators is the lack of adequate power 
sources. The untethered mobile manipulator would need to carry onboard batte ies for 
this purpose. Traditional batteries add weight to the platform and impose size constra- 
 
 
Figure 1.1: Wireless capsule endoscope: (a) External View; (b) Layout; (c) Schematic 
cross-section: 1 - optical dome, 2 - short focal aspheric lens, 3 - white LEDs, 4 - 








ints. Realizing the envisioned mobile manipulators would require the developm nt of 
conformal batteries that can be integrated in multi-functional structu es. In addition to 
storing energy, these conformal batteries would also have to play a structural role and 
should not pose any size restrictions. Developing such conformal batteries will 
require creation of chemical formulations that should be compatible with the 
materials and manufacturing processes used to realize the manipulators. 
 
1.2  Background 
Laptop computers and mobile phones have become smaller and faster, but with 
increased demands on energy. Current portable battery configurations have a liquid or 
gel electrolyte between the anode and cathode. This leads to problems with 
electrolyte loss and decreased performance over time. The highly reactive nature of 
these electrolytes necessitates the use of protective enclosures which add to the size 
and bulk of the battery. As portable battery-operated devices decreas in size and 
efficiency, there is a greater requirement for batteries to have high charge densities 
and current capacities along with the versatility of size, shape and weight. Lithium is 
one of the most electropositive elements (−3.04 Volts versus standard hyd ogen 
electrode) in the electrochemical series. Also, its low density (0.53 g cm-3), makes it 
the most potent of charge carriers. It possesses the largest electrical density per unit 
weight among all solid elements of the periodic table. All these benefits are however 




Safety is the ever-growing concern in energy storage systems with the possibility 
of leaks, production of flammable reaction products and internal shorting existing in 
liquid electrolyte battery systems. These disadvantages can be considerably offset by 
the use of a shape-conforming solid polymer electrolyte. Polymers offer the 
advantages of being robust, light-weight, non-combustible and can be molded in 
various sizes and shapes to suit the requirements of the application. Due to their s lid-
like nature, polymer electrolytes are expected to be less reactive than their liquid 
counterparts and thus more stable towards lithium. For polymer electolytes to be 
useful in practical applications, it is necessary that they exhibit appreciable room 
temperature conductivities and also play the role of separator, which is often an 
additional component in liquid electrolyte systems. In addition to low temperature 
performance it is also important that the polymer should have good cycle life and 
sufficient mechanical and thermal strengths to endure internal pressure and 
temperature variations during battery performance. 
The discharge of batteries depends solely on the conduction of ions from the 
anode to the cathode. The electrodes must possess the dual capability of transferring 
ions to and from the electrolyte and at the same time being electrically conductive 
with respect to the external circuit, while the electrolyte should be ionically 
conductive (Figure 1.2). The goal of the developed polymer nanostructured 
electrolyte is to transmit ions, in this case Li+, in the solid state. A solid state 
electrolyte has some attractive advantages [4]. First, there is no leakage of toxic liquid 
electrolyte for a consumer to come into contact with, as for example in lead-acid 




would allow for the production of a thin film shape-conforming battery hat could be 
wound into coils or processed as sheets. 
 
Figure 1.2: Discharge process in a lithium ion battery. 
 
In the selection of a polymer electrolyte for secondary batteries, both ionic 
conductivity and transference number are important parameters of consideration. A 
secondary or rechargeable battery is one which can be subjected to multiple charge-
discharge cycles as opposed to the single irreversible discharge of a primary battery. 
Ionic conductivity is any conduction mechanism where the current is sustained by the 
flow of ions as opposed to electrons within the medium [5]. The transfere c  number 
of a given ion is the fraction of the total charge carried by that particular ion across a 
fixed reference plane. Ions may carry significantly different portions of the total 
current if their mobilities are different. A large transference number can reduce 




sustain the electrolyte’s power density. Hence, the conductivity of he electrolyte is 
linked to the maximum power obtainable, whereas, the maximum limiting current 
that can be drawn from the cell and number of cycles it can be su j cted to, is related 
to the transference number. In an ideal situation it is desirable that in addition to a 
high ionic conductivity, the transference number of lithium ions approaches unity. 
Compatibility with the electrodes is another issue of consideration. The reactivity of 
lithium metal limits the use of most electrolytes which often r sult in passivation of 
the electrode surface. 
There is an abundance of published work on polymer electrolytes for use in 
batteries. In 1973, Fenton introduced the complex forming capability of poly(ethylene 
oxide) (PEO) with alkali metal salts [6]. The use of PEO as a solid solvent for lithium 
salts was then proposed by Armand in 1979 [7]. Later work done by Bruno Scrosati 
and co-workers has been one of the major contributions to this field over the years [8-
11]. Significant research was done by his group into gel electrolytic systems using 
poly(acrylonitrile) (PAN) and poly(methylmethacrylate) (PMMA) along with the 
more popular poly(vinylidene fluoride) (PVDF) matrices [12-17]. The us of ceramic 
fillers like Titanium Dioxide (TiO2), Aluminum Oxide (Al2O3), Lithium Aluminum 
Oxide (LiAlO2) and fumed Silica (SiO2) in composite polymer electrolytes has been 
successfully shown to increase conductivity by preventing the crystallization of 
polymer chains [8, 10, 18, 19]. Nanometer-scale ceramic powders may also improve 
the mechanical strength and interfacial properties of the polymer fil s. However, the 
mechanisms with which these fillers induce such enhancements are not yet fully 




towards the lithium electrode by reducing the electrolyte-electrode interfacial 
resistance [20, 21]. 
Research done by Peter Bruce indicates the possibility of enhanced lithium 
transport in the crystalline domains of poly(ethylene oxide) (PEO). Here polymer 
chains are considered to fold into cylindrical tunnels in which the Li+ ions are said to 
be located [22-24]. It has been suggested that lithium ions are transpo ted through the 
tunnels coordinated by the oxygen atoms of PEO, whereas, the anions ex st in the 
inter-chain space outside the polymeric chain tunnels. This is contradictory to the 
widely accepted view that the conduction of ions in polymer electrolytes occur almost 
predominantly in the amorphous phase. Work published by Henderson and Passerini 
indicate that the ionic conductivity of the amorphous material is indeed significantly 
greater than its crystalline counterpart [25]. Irrespective of the results shown by 
Bruce, motion of ions through crystalline domains does open up an interesting ave ue 
of deliberation. The challenge, however, lies in gaining control over the orientation of 
these crystalline pathways to form the shortest possible route between the two 
electrodes, rather than a pathway akin to a random walk. If such a goal were to be 
achieved, crystalline polymers may yet prove to be a solution for polymer 
electrolytes, where room temperature conductivity of amorphous polymer matrices is 
still limited to 10-4 S cm-1. 
Besides the use of ceramic fillers, another school of thought incorporates room 
temperature ionic liquids (RTILs), which dissolve lithium salts and improve the ionic 
conductivity of the polymer matrix. These RTILs possess additional desirable 




advantages are offset by poor stability towards lithium metal. The use of imidazolium 
cation based RTILs has been studied by Watanabe and co-workers [26-28]. 
Henderson and Passerini have reported the successful use of RTILs consi ting of N-
alkyl-N-methylpyrrolidinium cations and bis(trifluoromethanesulfonyl) imide anions 
(PYR1RTFSI) in PEO, with room temperature conductivities greater than 10
−4 S cm-1 
[29-33]. The assembled cells incorporating these ionic liquids, however, did show 
some capacity fade with increasing number of cycles [27, 32]. 
The Mayes [34-37] and Kanamura [38-40] groups have extensively researched 
block and graft copolymer systems as polymer matrices for electrolytes. The MIT 
group primarily used poly(oligo-oxyethylene methacrylate) (POEM) as one of the 
blocks. They also published work on single ion conducting electrolytes wh re the 
anion is a part of the polymeric backbone. These polymers were however reported as 
having lower than conventional conductivities, which was attributed to problems with 
lithium ion dissociation [37]. The Kanamura and later Balsara [41]groups used 
poly(styrene) (PS) blocks to enhance the mechanical properties of the solid polymer 
electrolyte. 
In the work from the Kofinas group published in Journal of Power Sources [42], 
an ionically conducting A/B diblock copolymer was used as a template for the 
synthesis and confinement of lithium manganese oxide nanoparticles. The diblock 
copolymer functions as a composite anode in a lithium battery system. Impedance 
spectroscopy, galvanostatic testing, x-ray diffraction and transmission electron 
microscopy were used to characterize the anode and polymer electrolyt . 




retention of capacity [42]. These results show that the nanostructured block 
copolymer has potential as a lithium battery material in both electro yte and cathode 
areas. In the work published in Macromolecules [43], an A/B/C triblock copolymer 
was synthesized having potential applications as a self-contained nanoscale battery. 
The anode block contained an organocobalt block. The electrolyte block of the 
copolymer was a poly (ethylene oxide) analogue. The last block acted s the template 
to form metal oxide nanoparticles to function as the cathode. The triblock copolymer 
was synthesized by Ring Opening Metathesis Polymerization (ROMP) using Grubbs’ 
catalyst. 1H and 13C NMR, FTIR, UV-Vis, GPC with light scattering and XPS were 
used to characterize the self-assembled nanoscale polymer battery mat rial. 
Electrical characterization of polymer electrolytes can be carried out using both 
d.c. and a.c. measurements. Between the two, alternating current methods have been 
the most popular method in determining the electrical properties of polymer 
materials. This method provides information not only on the long range mi ration of 
ions but also gives insight into the polarization occurring within the electrolyte [5]. In 
general, two idealized polymer electrolyte types are considered: 
• Type I, where only one of the ionic species is mobile. 
• Type II, where both the ions of the dissolved salt are mobile. 
The block copolymer nanostructured electrolyte is predicted to be a Type I 
electrolyte, with the mobility of the anion greatly hindered dueto its much larger size 
in comparison with Li+. Impedance spectroscopy is used to determine the ionic 
conductivity of the material by measuring the impedance of the cell over a frequency 




through the sample to the potential applied across it: the opposition to the flow of 
charge given by the resistance R = V/I and the phase difference between the current 
and the voltage represented by phase angle θ. The electrolyte is represented by a 




Figure 1.3: Equivalent circuit representation of the electrolyte. 
 
Where, 
• Rb is the bulk or electrolyte resistance 
• Rp is the polarization or charge transfer resistance 
• Cdl is the double layer capacitance 
 
The simulation of such a circuit over the frequency range results in a semicircle 





















+=  (1.1) 
Where, the frequency is represented by ω. We obtain Rb from the high frequency 
intercept of the semicircle, whereas the total resistance (Rb + Rp) of the electrolyte is 
given by the low frequency intercept (Figure 1.4). The conductivity is obtained from 




σ =  (1.2) 
Where, 
• σ is the conductivity 
• RI  is the ionic resistance of the material 
• t is sample thickness 
• A is the surface area of the sample 
 
 




1.3  Polymer Selection and Design 
Poly (ethylene oxide) (PEO), the first reported solvent-free polymer electrolyte, 
has been a popular material in solid electrolyte research for many years now because 
of its ability to form complexes with lithium salts and its compatibility with battery 
electrodes. However, its room temperature conductivity is far lower than that desired 
for any practical battery application. It is generally perceived that the motion of ions 
across the electrolyte arises due to the segmental motion of polymer chains [44]. 
Hence, in order to increase the conductivity, amorphous polymer elect olytes with a 
low glass transition temperature are more desirable. The use of poly (methyl 
methacrylate) (PMMA) as a gelatinization agent in electrolytes was first introduced 
two decades ago by Iijima [45]. In later work by Appetecchi [12], it was found that 
the transference numbers for PMMA based systems was considerably higher than that 
of conventional PEO based systems. 
 
 
Figure 1.5: Chemical structure of block copolymer. 
 
To attain appreciable levels of conductivity, it is important to carefully tailor the 




thin film battery electrolyte based on a partially hydrolyzed block copolymer of 
poly(ethylene oxide) and poly(methyl methacrylate) (Figure 1.5). PEO is chosen 
because of its ability to form stable complexes with lithium salts and its possession of 
a higher conductivity than any other group of solvating polymers in the abs nce of 
organic solvents. The second block is chosen so that it can be functionalized to form 
lithium domains within the PEO matrix. A 6:1 block ratio of PEO:PMMA is chosen 
so that the minority of the block copolymer (PMMA) microphase separates into 
spherical domains. The methacrylate block was partially hydrol zed with methanolic 
lithium hydroxide in 1,4-Dioxane medium to create lithium salt of methacrylic acid 
(MAALi) segments. In doing so, another lithium source was created within the 
spherical self-assembled microdomains of the diblock copolymer (Figure 1.6) where 
the anion is a part of the matrix and hence immobile. Due to the weak acidic nature of 
methacrylic acid, the ionic interactions between the lithium ion and the carboxylic 
acid will not strongly affect its conductivity through the polymer block. 
 
 





Previous work by Kannan [46] reports the use of polymeric blends of PEO and 
PMMA with different plasticizers. The electrolyte system of this research is a self-
assembled block copolymer, which will provide better lithium ion conductive and 
mechanical properties than the blend of homopolymers. It consists of poly(ethy ene 
oxide) (PEO) as the first block, and a random copolymer of methyl methacrylate and 
lithium salt of methacrylic acid (PMMA-ran-PMAALi) as the second block (Figure 
1.5). The block copolymer system in this research shows better promise than 
previously published systems in the following ways: 
 
1. The polymer matrix does not involve major portions of non-conducting blocks 
which are usually used to enhance the mechanical properties of the material, but 
do not contribute in any way to the ion-transport of the conducting segments. 
2. PMMA was selected because it can be functionalized to incorporate lithium into 
the polymeric backbone. 
3. The electrolyte system uses PMMA (−CO2CH3) in comparison to the MIT group, 
which synthesized a diblock copolymer system containing lauryl ester 
(−CO2C12H25) groups [36]. The longer non-oxygenated side chain of the polymer 
produced by the MIT group, we hypothesize, would work better as a means to 
provide more free volume if used in a gel electrolyte system. For a dry electrolyte 
system as the one in this work, the larger side chain which contains only carbon 




transport. It is the oxygen on the PEO block that contributes to the ionic
conductivity by coordinating with the lithium ions. 
4. The length of the PMMA block has been kept short so that PEO, which is the 
conducting block, forms the majority of the block copolymer matrix. The degree 
of hydrolysis will be low enough that the block copolymer’s microphase 
separation is not disrupted. The proposed hydrolyzed polymer will act as a 
polymer electrolyte, rather than a polyelectrolyte with ionomer like ion cluster 
morphologies. 
5. The PMMA block of the block copolymer system will be modified via partial 
hydrolysis in order to act as a lithium source in the material itself. The use of gel 
electrolytes based on PMMA with a gelling solvent has been reported by 
Appetecchi [12] to exhibit a better transference number. The aim of this research 
is to create a dry conductive electrolyte, whose ionic conductivity is intimately 
associated with the local segmental motions of the polymer. In comparison to a 
gel, whose conductivity is often that of the trapped liquid inside the polymer 
matrix and is not indicative of the ion-transport properties of the polymer. 
6. Since a low molecular weight polymer has been chosen, which is also a diblock 
copolymer; this further suppresses the tendency of PEO to form crystalline 
regions by reducing the free volume available to the PEO chains, thus enhancing 
its ionic conductivity. 
7. The Hikichi group [47] has reported NMR studies which indicate complexation of 
methacrylic acid with PEO. The polymer material of this research will avoid such 




lithium salt of carboxylic acid groups. It is expected that the presence of ions from 
the added lithium salt will act as an effective screening barrier to further subdue 
such complexation. 
 
A polymer electrolyte’s ionic conductivity can also be enhanced by addition of 
small amounts of plasticizer, namely low molecular weight poly(eth l ne glycol) 
(PEG) to PEO, which have shown to increase the amorphous regions responsible f r 
ionic conductivity. The amount of plasticizer used is usually low enough to not 
disrupt the block copolymer microphase separation [48-50] or substantially affect the 
film’s mechanical properties. In addition to reducing the crystalline content and 
increasing the polymer segmental mobility, the PEG plasticizer an result in greater 
ion dissociation which allows higher number of charge carriers for ionic transport. In 
our system, however, the effect of plasticizers was expected to be limited as the block 
copolymer itself is of low molecular weight. 
 
1.4  Salt Selection 
Lithium bis(oxalato)borate (LiBOB) (Figure 1.7) is used as the salt of choice in 
place of the popular lithium hexafluorophosphate (LiPF6), which poses major safety 
concerns in its susceptibility to hydrolysis and low thermal stbili y. This borate 
based salt introduced by Lischka [51], is readily solvated by our block copolymer. 




1. LiBOB slowly decomposes by hydrolysis into lithium metaborate (LiBO2) and 
monolithium salt of oxalic acid (LiOOCCOOH). Both these decomposition 
products are benign, as compared to hydrofluoric acid (HF) resulting from the 
hydrolysis of LiPF6 [52]. 
2. The bulky anion is expected to restrict its movement across the polymer 
electrolyte and thereby boosting the cation (Li+) transference number. 
 
Figure 1.7: Chemical structure of lithium-bis-(oxalato) borate. 
 
3. LiBOB possesses better thermal stability for above room temperatur  
applications. It is stable up to 302 °C, where it decomposes instead of melting 
[53]. In contrast, pure LiPF6 is thermally stable up to 107 °C, dissociating into LiF 
and PF5 upon decomposition [54]. 
4. LiBOB-based electrolytes have also been shown to exhibit good conduction 
retention at elevated temperatures [53, 55]. 
 
It should be noted that the conductivity of LiPF6 is higher than LiBOB in non-
aqueous solvents and that in low temperature applications, systems based on LiPF6 




research on room and higher temperature performance of the solid electrolyt , LiBOB 
is preferred for its superior thermal and electrochemical performance. The safety 








Nanostructured Block Copolymer Dry Electrolyte 
2.1  Introduction 
In this study, the synthesis and characterization of a solid state polymer 
electrolyte with enhanced lithium transport based on a self-assembled block 
copolymer is described. In recent years, interest in polymeric batteries has increased 
dramatically. Current configurations have a liquid or gel electrolyte along with a 
separator between the anode and cathode. This leads to problems with electrolyte loss 
and decreased performance over time. The highly reactive nature of such electrolytes 
necessitates the use of protective enclosures, which add to the size and bulk of the 
battery. Polymer electrolytes are more compliant than conventional inorganic glass or 
ceramic electrolytes. Lightweight, shape conforming, polymer electrolyte-based 
battery systems could find widespread application as energy source in miniature 
medical devices, such as pacemakers, wireless endoscopes, implantable pumps, 
treatment probes, and untethered robotic mobile manipulators.  
The complex forming capability of poly (ethylene oxide) (PEO) with alkali metal 




published work on polymer electrolytes for use in batteries. A semi-crystalline 
polymer, PEO, has been a focal component in the design of numerous dry solvent-
free electrolytes involving: blends [46], block copolymers [37, 41, 57, 58], branched 
networks [59], ceramic fillers [10, 19, 60, 61], room-temperature ionic liquids 
(RTILs) [26, 28, 30, 31], and specialized salts [62, 63], to name a few. It is important 
to carefully tailor the polymer electrolyte matrix to attain appreciable levels of 
conductivity in a solid-state medium. In this work, we have investigated a 
nanostructured thin-film battery electrolyte based on a diblock copolymer composed 
of a PEO block and a random copolymer of methyl methacrylate (MMA) and lithium 
salt of methacrylic acid (MAALi). The diblock copolymer [PEO-b-(PMMA-ran-
PMAALi)] (Figure 2.1) with lithium bis(oxalate)borate, LiBC4O8 (LiBOB) as the 
added lithium salt was used to create the dry, solid-state electrolyte films. 
 
 
Figure 2.1: Chemical structure of self-assembled diblock copolymer 
 
We selected a PEO-based diblock copolymer because of its ability to solvate 
alkali metal salts. The second block, which consists of a random copolymer of ethyl 
methacylate (MMA) and lithium salt of methacrylic acid (MAALi), was chosen for 




domains of the diblock copolymer [PEO-b-(PMMA-ran-PMAALi)] (Figure 1.4), 
creating a secondary lithium source. The primary focus of this work is the electrolyte 
performance at room temperature, and the experimental results display the role of 
polymer and salt selection toward this objective. 
 
2.2  Experimental 
The PEO-b-PMMA block copolymer with an average molecular weight 3000:500 
of PEO to PMMA and polydispersity index of 1.16 was purchased from Polymer 
Source Inc. (Canada). LiBOB was obtained from Chemetall GmbH (Germany). All 
other chemicals and solvents were purchased from Aldrich and used as received. 
Hydrolysis was carried out using lithium hydroxide monohydrate (LiOH·H2O) as 
the base. The block copolymer (PEO-b-PMMA) and LiOH·H2O were dissolved in a 
solvent mixture with a molar ratio of 2:1 between LiOH·H2O and the MMA units of 
the diblock copolymer. The solvent used was a 2:1 mixture of anhydrous 1,4-dioxane 
and anhydrous methanol. The hydrolysis process was carried out at 85°C for 20 h. As 
a result of the process, the PMMA block was hydrolyzed into a random copolymer of 
methyl methacrylate (MMA) and lithium salt of methacylic a id (MAALi). This 
procedure was adapted from previous work reported by Mikes and Pecka [64]. After 
the hydrolysis step, the solvent was removed under vacuum using a Schlenk line 
setup with a liquid nitrogen solvent vapor trap. This dried diblock copolymer [PEO-b-
(PMMA-ran-PMAALi)] was then stored in an Mbraun Labmaster 100 argon glove 




Solutions were prepared by adding varying concentrations of LiBOB salt to the 
diblock copolymer [PEO-b-(PMMA-ran-PMAALi)]. The solvent used was 
anhydrous tetrahydrofuran (THF), which was degassed using multiple cyc s of a 
freeze-pump-thaw method. These polymer solutions were then cast into Petri dishes 
containing molds of fluorinated ethylene propylene coated aluminum sheets. The 
drying process extended over several days, resulting in 200–250 µm thick films. 
Circular sections of the polymer electrolyte films were cut for conductivity 
measurements and mounted between two 316 stainless steel blocking electrod s. A 
poly (tetra fluoroethylene)-based O-ring was placed between th two electrodes to 
secure the sample thickness and surface area. The test cell ass mbly was sealed, 
protecting it from oxygen and humidity, before removal from the glove box for 
impedance analysis. The ionic conductivity (σ) of the synthesized block copolymer 
electrolytes was determined from: 
                
RA
t
=σ  (2.1) 
where t, A, and R represent the thickness, surface area, and ionic resistance, 
respectively, of the electrolyte sample. Our assembled cell samples had a value of t/A 
of ~0.242 cm−1. The ionic resistance of the dry polymer electrolytes was obtained 
from impedance studies of the test cells using a Solartron 1287A/55B electrochemical 
system. The testing parameters were controlled by the associted CorrWare and ZPlot 
softwares, while the resulting data was analyzed by ZView.  
The performance of the electrolyte was studied in the temperatur range 0–70°C 
to characterize its temperature-dependent behavior. During the working life of a 




variations can be due to both external and internal factors. External sources are 
predominantly the surrounding environs which are region specific. Internal sources 
are mainly heat generation from electrochemical reactions taking place within. Also 
improper dissipation of energy from prolonged use often results in raisi g the internal 
temperature of the cell. Test cells were placed in a waterproof setup, immersed in a 
temperature-controlled water bath, and allowed 3–4 hours to equilibrate at every 
temperature stage before data collection. 
Differential scanning calorimetry (DSC) measurements were p rformed using a 
TA Instruments Q100 calorimeter. Samples (~10 to 14 mg) of PEO and electrolyte 
films of diblock copolymer [PEO-b (PMMA-ran-PMAALi)] with added LiBOB salt 
were sealed in hermetic aluminum pans inside the argon-filled glove box. The PEO 
homopolymer samples studied were of molecular weights 3.5 k, similar to that of the 
block copolymer. The measurements were carried out under nitrogen flow at a 
heating rate of 2.00°C/min and modulation of ±1.27°C every 60 s, in the temperature 
range 40–120°C. Glass transition temperature (Tg) studies were carried out by melting 
the samples sealed within the hermetic aluminum pans at 130°C followed by 
quenching them in liquid nitrogen. The measurements were carried out under nitrogen 
flow at a heating rate of 5.00°C/min. 
0.1% solutions of the diblock copolymer [PEO-b-(PMMA-ran-PMAALi)] were 
prepared in THF and cast on transmission electron microscopy (TEM) grids. The 
grids were placed in a THF saturated dessicator to prolong the casting over a period 




lithium. TEM was performed with a JEOL 2100F field emission scanning electron 
microscope operating at 100 kV. 
 
 
2.3  Results and Discussion 
Polymer selection and design is a critical consideration in the dev lopment of a 
solvent-free conductive electrolyte matrix. PEO has been the matrial of choice 
because of its ability to form stable complexes with lithium salts and due to its 
possession of a higher conductivity than any other group of solvating polymers in the 
absence of organic solvents. In order to suppress PEO crystallinity and to enhance its 
conductivity, a low-molecular-weight block copolymer was chosen, consisting of 
PEO as the first block and a random copolymer of poly(methyl methacrylate) and 
lithium salt of poly(methacrylic acid) (PMMA-ran-PMAALi) as the second block. 
The nanostructured thin-film battery electrolyte does not contain m jor proportions of 
non-conducting blocks that are frequently used to enhance the mechanical properties 
of the material, but do not contribute in any way to the ion transport of the conducting 
segments. This was also the rational behind the selection of PMMA (−CO2CH3) in 
comparison to a diblock copolymer system containing lauryl ester (−CO2C12H25) 
groups [34]. The longer non-oxygenated side chain of the lauryl ester would work 
better as a means to provide more free volume if used in a gel electrolyte system. For 
a dry electrolyte system as the one in this work, the larger sid  chain, which contains 
only carbon and hydrogen atoms, would not aid in providing any additional 




It has been shown that PEO undergoes complexation with carboxylic acid groups 
[47]. This complexation is driven by the proton-donating nature of poly(methacrylic 
acid) with PEO being a proton acceptor. The complexation of PEO chains is a 
concern, as it would restrict the segmental motion that drives ion transport. In 
tailoring the electrolyte matrix, a very small fraction of the polymer contains lithium 
salt of carboxylic acid groups. In addition, the presence of ions fromthe added 
lithium salt, acts as an effective screening barrier to subdue the complexation. The 
low carboxylic acid group content ensures that the block copolymer’s microphase 
separation is not disrupted, as confirmed by the TEM (Figure 2.2). The images show 
lithium domains of approximate size 2 nm, templated by the diblock copolymer 
[PEO-b-(PMMA-ran-PMAALi)] morphology. Thus, the diblock copolymer acts as a 
polymer electrolyte, rather than a polyelectrolyte with ionomer-lik  ion cluster 
morphologies.  
It is important to use the appropriate lithium salt concentration in order to obtain 
an optimum performance from the electrolyte. An ideal electrolyte is a medium that is 
rich in charge carriers and provides for a rapid transport of charge c ri rs through it. 
Too little salt results in poor conductivity. Too much salt not only severely affects the 
mechanical properties of the polymer, thus negating its inherent advantges, but also 
results in decreased conductivity [44]. We observed the same behavior with our 
LiBOB-doped diblock copolymer. Samples were prepared with different salt contents 
by varying the molar ratio between ethylene oxide (EO) units and LiBOB. Data were 
taken from a minimum of three different electrolyte test cells with polymers from 




the batches, although statistical analysis shows no significant st tistical difference 
between electrolytes containing EO:LiBOB = 3:1 and 4:1 because of their close 
compositional proximity. Results show that the salt concentration was optimized at 
EO:LiBOB = 3:1 (Figure 2.3) for the best performance based on average conductivity 
obtained. This diblock copolymer electrolyte exhibited an average ionic c ductivity 
value of 1.26 × 10−5 S cm−1 at room temperature (21°C) as compared to 2.6 × 10−6 S 
cm−1 measured for a PEO homopolymer of similar molecular weight (3.5 k) and 
molar composition of LiBOB. The value obtained for the diblock copolymer 
electrolyte is nearly two orders of magnitude greater than t t shown by traditional 
high molecular weight PEO homopolymer electrolytes, in the absence of ramic 







Figure 2.2: (a) TEM micrograph of PEO-b-(PMMA-ran-PMAALi) diblock 











Figure 2.3: Salt optimization of PEO-b-(PMMA-ran-PMAALi) diblock copolymer at 




The electrolyte membranes showed the expected rise in conductivity with 
temperature (Figure 2.4). This is attributed to the increased segmental motion of the 
chains as PEO approaches its melting point. The optimized electrolyte sample 
achieved a conductivity of 10−4 S cm−1 as the sample temperature crossed 40°C. The 
temperature characterization was halted at 70°C, which is above the melting point of 
PEO. The physical appearance of the diblock copolymer electrolyte [PEO-b-(PMMA- 
ran-PMAALi)] also differed with varying salt content. Polymer electrolyte films with 
high salt loading (EO:LiBOB = 2:1) and low salt loading (EO:LiBOB ≥ 10:1) were 
brittle and opaque, whereas intermediate salt content films were fl xible and 
translucent. The widely accepted view is that conduction of ions in polymer 
electrolytes occur almost predominantly in the amorphous phase due to the segm ntal 
motion of the polymer chain [44]. The flexibility of polymer films is related to the 
segmental motion of the chains and hence is a characteristic tha  an be associated 









Figure 2.4: Temperature studies of PEO-b-(PMMA-ran-PMAALi) diblock copolymer 










DSC was performed to compare the initial crystallinity content in the polymer 
electrolytes. Scans of normalized heat flow (in watts per gram) against temperature 
(in °C) were obtained (Figure 2.5). The pure block copolymer showed reduced 
crystallinity as compared to PEO of similar molecular weight. The plasticizing effect 
of LiBOB salt aided in suppressing the crystallinity of the polymer electrolyte. These 
materials exhibited a suppressed melting over a broad temperature nge. Crystalline 
domains were again shown to appear in low salt content (EO:LiBOB > 20:1) sample , 
as the plasticizing presence of LiBOB was reduced. Tg studies were carried out for the 
diblock copolymer electrolyte [PEO-b-(PMMA-ran-PMAALi)] with (EO:LiBOB = 
3:1) and without salt content and PEO homopolymer of similar molecular weight (3.5 
k). No significant shift in Tg was observed between the samples with PEO and 
PMMA-ran-PMAALi blocks showing glass transition temperatures at −25.9 ± 1.5°C 
and 103.5 ± 1.4°C, respectively. 
 
2.4  Conclusions 
We have designed a self-assembled diblock copolymer electrolyte that exhibits 
higher ion transport at room temperature compared to traditional solid p ymer 
electrolytes. TEM showed structured domains of lithium templated by the microphase 
separation of the block copolymer. The improved conductivity was attributed to 
reduction of crystallinity and introduction of secondary lithium domains in the 
conductive polymer matrix. The room-temperature conductivity was improved by an 








Figure 2.5: DSC scans of PEO-b-(PMMA-ran-PMAALi) diblock copolymer with 









diblock copolymer electrolyte [PEO-b-(PMMA-ran-PMAALi)] with added LiBOB 
salt (in the molar ratio ethylene oxide:LiBOB = 3:1) was used to form flexible 
translucent films which exhibited nearly two orders of magnitude greate  conductivity 
than that shown by traditional high molecular weight PEO homopolymer electrolytes, 







Chapter 3  
Block Copolymer Solid Electrolyte with high Li-ion 
Transference Number 
3.1  Introduction 
The widespread use of high-energy density lithium-ion based batteries has been 
constrained by the safety concerns of its reactive components. Thus, the need to 
design, synthesize and optimize polymer structures for improved energy storage is of 
critical importance. Also, advances in lithium electrode chemistries have led to the 
development of batteries that are capable of delivering a high discharge potential (> 
4.5V) [65-67], driving the need for materials that are capable of withstanding such 
high voltage conditions. Unlike traditional liquid electrolytes, solid-state polymer 
electrolytes possess the high electrochemical stability window required for 
application in high voltage battery setups. Electrolyte membranes incorporating poly 
(ethylene oxide) (PEO) with a lithium salt have long been proposed a a viable 
candidate [6, 7, 10]. However, such materials have poor room temperature ionic-
conductivity due to the semi-crystalline nature of PEO. In addition, PEO based 




transference number (TLi+), exhibiting a value between 0.2 and 0.5 [8, 68-70]. These 
polymer-lithium salt systems behave more like an anion transporting medium, 
resulting in a charge gradient across the medium. This increases the polarization 
across the polymer film, leading to loss of power drawn from the battery [71-73]. 
Studies done by Doyle t al. have shown that better performance is exhibited by 
polymer materials with TLi+ = 1.0, than those possessing an order of magnitude 
greater conductivity but a poorer  TLi+ value [71]. Hence, the interest is to develop a 
conductive polymer with high ionic conductivity as well as high lithium ion 
transference. 
Numerous electrolytes have been reported that possess single-ion transport 
properties and have a lithium ion transference numbers approaching 1.0. Single-ion 
polyelectrolyte systems have been successfully developed where the anion or the 
counter ion is effectively tethered to the polymer matrix [37, 74, 75]. Further, the use 
of various anion trappers has been shown to effectively boost the cation tr nsference 
number [76-79]. These approaches, however, sometimes adversely affect the ionic 
conductivity of the electrolyte. The use of a lithium salt with a bulky counter ion 
remains one of the few viable options available to obtain moderately enhanced 
transference numbers without significantly sacrificing the ionic mobility of the 
electrolyte. Here we explore a polymer-lithium salt matrix containing a bulky anion 
and a partially charged polymer backbone. 
We have previously discussed in Chapter 2, a diblock copolymer, which exhibits 
nearly two orders of magnitude greater ionic conductivity than that sown by 




similar additives [80]. The polymer was composed of a larger PEO block and a 
smaller block consisting of a random copolymer of methyl methacrylate (MMA) and 
the lithium salt of methacrylic acid (MAALi). Transmission electron microscopy 
(TEM) showed the polymer microphase separate into spherical structures. Along with 
salt optimization studies of the diblock copolymer PEO-b-(PMMA-ran-PMAALi) 
with Lithium bis(oxalato)borate, LiBC4O8 (LiBOB) salt, we also carried out thermal 
studies of the electrolyte material. The presence of the smaller second block and the 
plasticizing effect of the bulky lithium salt effectively reduced the crystallinity of the 
solid electrolyte resulting in its improved ion transporting behavior. In this study we 
discuss the electrochemical properties of the polymer electro yte and report upon its 
unique transference behavior. 
 
3.2  Experimental 
The PEO-b-PMMA block copolymer (Molecular weight, 3000:500 for 
PEO:PMMA, polydispersity index of 1.16) was purchased from Polymer Sou ce Inc. 
LiBOB was obtained from Chemetall GmbH and lithium foil was purchased from 
Aldrich. The diblock copolymer PEO-b-(PMMA-ran-PMAALi) was synthesized as 
described in our previous work [80]. The electrolyte films with different composition  
of the diblock copolymer PEO-b-(PMMA-ran-PMAALi) and the LiBOB salt were 
solution cast onto Bytac® molds inside a Mbraun Labmaster 100 argon glove box. 
The resultant translucent polymer films (Figure 3.1) were dried for several days under 








Figure 3.1: Electrolyte membrane constructed from the diblock copolymer PEO-b-
(PMMA-ran-PMAALi) and the LiBOB salt (picture taken shortly after removal from 
an Argon glovebox). 
 
The electrolyte samples were mounted between two non-blocking lithium 
electrodes to determine the lithium-ion transference number of the solid electrolyte. 
The transference number (TLi+) was evaluated by d.c. potentiostatic measurements in 
conjunction with a.c. impedance spectroscopy according to the procedure desc ibed 
by Evans et al. [69]. Potentiostatic measurements were carried out to determine the 




10 mV across the samples. Impedance spectroscopy (frequency range 1 MHz to 1Hz) 
was used to determine the film resistances before (Ro) and after (Rs) the 
potentionstatic measurements. Transference numbers (TLi+) of the electrolyte samples 
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    (3.1) 
where, ∆V is the d.c. polarization voltage applied across the electrolyte film. A 
Solartron 1287A/1255B electrochemical testing platform was used to carry out the 
experiments. The testing parameters were controlled by the associated CorrWare and 
ZPlot softwares, while the resulting data was analyzed using CorrView and ZView. 
All elevated temperature measurements were carried out after equilibrating the cells 
in a Fisher Scientific Isotemp Model 281A vacuum oven. 
Linear sweep voltammetry was used to determine the electrochemical stability 
window of the electrolyte material in a two electrode cell stup. A 316 stainless steel 
disc was used as the working electrode while a lithium disc served as the counter 
electrode. A voltage sweep was carried out on the material between 2.5 and 7 V at a 
constant scan rate of 1 mV s–1. 
Lithium stripping-plating experiments were performed to investigate the stability 
and reversibility behavior of the electrolyte material with the lithium metal electrode 
interface. The salt optimized electrolyte film was mounted betwe n non-blocking 
lithium electrodes and a current flux of 0.1mA/cm2 was applied on the film with the 
direction of the current being reversed every hour. Impedance spectroscopy was 





3.3  Results and Discussion 
The transference number of an ion is the fraction of the total current that is carried 
by the respective ion across a given medium. Different ions have dissimilar mobilities 
and hence may carry drastically different portions of the total current. After 
conductivity, in solid state materials, the transference number is significant 
particularly in secondary and rechargeable energy storage system. The transference 
number is indicative of the polarity of the material and thus the number of cycles the 
cell can be put through. A large transference number can reduce concentration 
polarization of electrolytes during charge-discharge steps, and thus sustain the 
electrolyte’s power density [71, 73].  
Under a constant potential bias, if the final steady state and initial currents are 
given by (Is) and (Io), respectively, then the transference number can be very simply 
evaluated from TLi+ = Is / Io. This holds true for ideal electrolytes under a negligible 
polarization voltage. In real systems, however, a change in interfacial resistance 
occurs during potentiostatic studies. We used the methodology suggested by Evans et 
al. [69], to take into account the increase in the electrolyte-electrode interfacial 
resistance as the potentiostatic current decay is measured. We studi d electrolyte 
samples having the molar composition EO:LiBOB = 3:1 and 4:1 based on the salt 
optimization, previously reported [80]. Figure 3.2(a) shows the impedanc profile of 
two samples before and after the potentiostatic tests. The expect d increase in 




responses of the sample with the 4:1 molar composition. The current-tim  profiles of 
the same two samples under a constant d.c. potential bias of 10 mV is shown in 
Figure 3.2(b). Using equation (3.1), average transference number valu s of ≈ 0.89 
were obtained for the salt-optimized polymer electrolyte materials at room 
temperatures (21–23°C). Table 3.1 lists the transference numbers calculated for the 
two compositions with and without the interfacial resistance corretion. At 60°C, 
average transference number values of ≈ 0.75 were obtained for electrolyte material 
having the molar composition EO:LiBOB = 4:1. 
 
Table 3.1: Lithium-ion transference number data of electrolyte films made from 
diblock copolymer PEO-b-(PMMA-ran-PMAALi) and the LiBOB salt. 
Li/Electrolyte/Li cell under a constant d.c. potential bias of 10 mV. 
Molar 
Composition 
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3 : 1 21–23 0.89 ± 0.07 0.90 ± 0.07 
4 : 1 21–23 0.83 ± 0.08 0.88 ± 0.05 
3 : 1 60 0.78 ± 0.11 0.79 ± 0.05 













Figure 3.2 (a): Impedance scans from two electrolyte samples taken before and after 






Figure 3.2 (b): Current vs. time profile of the polymer films, obtained at room 
temperature (21–23°C), under a 10 mV d.c. bias. 
 
The large molecular size of the bis-oxalato borate (BOB) anion was expected 
to have an effect on the transference number of the lithium ion. However, obtaining 
such a high transference value in the absence of any anion trapper additives was not 
anticipated. Previous work done by Appetecchi et al. on LiBOB and PEO of higher 
molecular weight (1×10-5) reported transference numbers ranging from 0.25 to 0.30 at 
elevated temperatures (60 °C and 100 °C) [68]. In our system, we suspect that 
interactions between the bis-oxalato borate anion and the secondary part (PMMA-
ran-PMAALi) of the block copolymer may be the determining reason behind this 
behavior. The exact mechanism behind the enhanced transference performance is not 




behind achieving a high cation (Li+) transference number while avoiding the use of 
anion trappers and tethered polyanions will greatly aid the design of future electrolyte 
matrices. 
Considering the high voltage range in which most lithium based electrod  
chemistries operate, the electrochemical stability of the electrolyte material and its 
interfacial interactions with the electrodes have a significat bearing on the long term 
performance of the battery. In order for the energy storage/conversion cells to 
effectively perform, it is pertinent that the electrolyte materi ls employed also have a 
wide electrochemical stability window well beyond the operating potential of the 
electrodes. Linear sweep voltammetry experiments have shown that the salt-
optimized electrolyte films exhibit an electrochemical stability greater than 5.0 Volts 
(Figure 3.3(a)) at room temperature (21–23°C), making them excellent candidates for 
high potential lithium based battery cells. We further tested the electrolyte material at 
a higher temperature (60°C) for comparison. Once again the polymer elect olyte 
showed very good electrochemical stability (Figure 3.3(b)) with material degradation 





Figure 3.3: Linear sweep voltammetry of electrolyte films made from the diblock 
copolymer PEO-b-(PMMA-ran-PMAALi) and LiBOB (molar composition 
EO:LiBOB = 3:1) at (a) room temperature (21–23°C) and (b) 60°C. A scan rate of 1 





The stability of the solid state polymer electrolyte material towards the lithium 
anode was evaluated by monitoring the change in overvoltage during the lithium 
plating/stripping tests at room temperature (21–23°C). For this study, he electrolyte 
film (molar composition EO:LiBOB = 3:1) was sandwiched between symmetrical 
lithium electrodes; a current flux of 0.1mA/cm2 was run through the electrolyte 
material for an hour before reversing the polarity. Galvanostatic cycling was 
performed for 100 cycles. At different cycle intervals, impedance scans were carried 
out to compare the interfacial resistances evaluated from the d.c. and a.c. methods. 
Typical voltage profiles during the Li plating/stripping cycling are shown in Figure 
3.4. The overvoltage profile and impedance responses at different cycles were used to 
evaluate stability of polymer electrolyte during the lithium plating/stripping cycles. 
The overvoltage profile (Figure 3.5) of the material shows a voltage increase in the 
initial cycles (every cycle representing 2 hours on the overvoltage-time plot). The 
subsequent overvoltage trend over the remaining cycles shows good electrolyt  
material stability to the lithium electrode. To analyze the mechanism for voltage 
increase, impedance was measured at different cycles as shown in Figure 3.6. Total 
resistance values were determined from the impedance responses at low frequency 
and were compared to those determined from the galvanostatic lithium 
plating/stripping cycling, showing good agreement (Figure 3.7(a)). The galvanostatic 
resistance was obtained by dividing the average cycle overvoltage by the current 
applied. The impedance plots were fitted using an equivalent circuit consisting of a 
resistance element (RE) in series with two R/C elements (Figure 3.7(b) insert). RE 










Figure 3.4: Overvoltage profiles of certain cycles during the Li plating/stripping tests 



















Figure 3.5: Overvoltage vs. time profile of Li/ PEO-b-(PMMA-ran-PMAALi) + 
LiBOB (EO:LiBOB = 3:1)/Li cell at room temperature (21–23°C). A current flux of 









Figure 3.6: Impedance responses of the Li/ PEO-b-(PMMA-ran-PMAALi) + LiBOB 
(EO:LiBOB = 3:1)/Li cell at room temperature (21–23°C) obtained at the end of 








Figure 3.7: Overvoltage studies of Li/ PEO-b-(PMMA-ran-PMAALi) + LiBOB 
(EO:LiBOB = 3:1)/Li cell at room temperature (21–23°C): (a) interfacial resistance 
profile of the cell from impedance scans and galvanostatic cycling, (b) resistance 






frequency interfacial resistance (formation of a solid-electrolyte interface (SEI) 
passivation layer) and charge transfer resistance. CSEI and Cdl are the corresponding 
interfacial capacitances due to the SEI film and double layer. As shown in Figure 
3.7(b), the ion conductive behavior of the polymer membrane is stable during the Li 
plating/stripping cycles. LiBOB-based electrolytes have already been shown to 
exhibit good conduction retention even at elevated temperatures [53, 81, 82]. The 
high frequency interfacial resistance (RSEI) does not show much change over the 
number of cycles and is attributed to the formation of a stable passivation layer. The 
charge transfer resistance (RCT) shows an initial rise and then stabilizes. In addition to 
the profile of the overall interfacial resistance, the individual trends of RE, RSEI and 
RCT validate good electrolyte stability towards the lithium metal. 
 
3.4  Conclusions 
The tailored solid self-assembled diblock copolymer electrolyte matrix exhibits an 
exceptionally high lithium-ion transference number of 0.9, compared to a value 
between 0.2 and 0.5, shown by typical polymer-lithium salt materials. Even at 
elevated temperatures of 60°C average transference number values ≥ 0.75 is 
observed. The results reported here demonstrate the effects that the use of a bulky 
anion lithium salt and a partially charged polymer backbone have on the transference 
(TLi+) behavior of the solid-state polymer electrolyte. The electrolyte membrane also 
has a wide electrochemical stability window and excellent interfacial behavior with 




membranes composed of the diblock copolymer PEO-b-(PMMA-ran-PMAALi) and 








Chapter 4  
Conclusions and Future Work 
The tendency of PEO to act as a solid-state solvent for alkali salts has been the 
cornerstone for all the research into its development as a solvent-free electrolyte for 
battery applications. The semi-crystalline property of PEO, however, has been the 
constraining factor behind the realization of acceptable levels of room temperature 
ionic conductivity. In this work, we have shown that designing the electro yte matrix 
to utilize the benefits of block copolymers can have distinct improvements on the 
performance of the electrolyte. It is hoped that the suggestions offered in this section 
will aid in furthering the initiatives being made in the development of flexible 
lithium-ion energy storage/conversion materials. 
In this work, we have developed spherically microphase separated block
copolymers of very low molecular weight (3.5 k). Experiments with similar 
molecular weight PEO homopolymer and salt loading often resulted in materials with 
extremely low mechanical integrity. The diblock copolymer PEO-b-(PMMA-ran-
PMAALi) and LiBOB salt not only showed better mechanical integriy as a polymer 
film; it was also capable of much higher levels of salt loading. PEO based electrolytes 




salt loading (molar compositions of ethylene oxide:lithium salt from 10:1 to 20:1) 
based on system specific salt compositional optimizations. In comparison we were 
able to obtain a performance optimized molar composition of EO:LiBOB = 3:1. The 
presence of an ordered microphase separated second block was expected to reduce the 
free volume available for the PEO chains to crystallize, thus increasing the 
amorphous content of the material. This allowed for further salt loading (LiBOB) 
which acted as a plasticizer and resulted in additionally suppressing the crystallinity 
of the material (Figure 2.5). While all this aided in boosting the ionic conductivity of 
the material, it comes with certain limitations. 
The use of a low molecular block copolymer makes it difficult to incorporate 
supplementary additives to the electrolyte material without severely compromising its 
mechanical integrity. Addition of ceramic fillers, which have ben shown to improve 
the electrolyte-lithium electrode interfacial properties, becomes challenging under 
these circumstances. Higher molecular weight spherically microphase separated block 
copolymers of PEO-b (PMMA-ran-PMAALi) could provide viable candidates to 
overcoming these limitations. 
The developed block copolymer shows the expected high electrochemical 
stability window. It also shows a surprisingly high transference umber. It is 
hypothesized that complexation of the salt anion (BOB−) with the secondary block 
(PMMA-ran-PMAALi) may be the reason behind this phenomenon, but the 
mechanism is not explicitly understood. As emphasized in the work by Doyle et al., 
transference number (TLi+) behavior of the electrolyte material also has a significant 




achieving a high cation (Li+) transference number while avoiding the use of anion 
trappers and tethered polyanions (which often result in a lower ionic conductivity) 
will greatly aid the design of future electrolyte matrices. Investigating similar PEO 
based block copolymer matrices containing different percentages of PMAALi and 
block copolymers of PEO-b PMAALi could aid in a better understanding of the 
transference number mechanism. 
The physical characteristics of the diblock copolymer electrolyte [PEO-b-
(PMMA- ran-PMAALi)] also differed with varying salt content. Polymer electrolyte 
films with high salt loading (EO:LiBOB = 2:1) and low salt loading (EO:LiBOB ≥ 
10:1) were brittle and opaque, whereas intermediate salt content films were flexible 
and translucent in nature (Figure 3.1). Upon removal from the argon glovebox and 
exposure to normal atmospheric conditions, the polymer film shows a distinct 
physical transition due to the absorption of moisture by the LiBOB salt. With time, 
the electrolyte membrane turns opaque due to the decomposition of LiBOB and 
crumbles (Figure 4.1). This is in stark contrast to the formation of hydrofluoric acid 








Figure 4.1: Environmental degradation of an electrolyte membrane constructed from 
the diblock copolymer PEO-b (PMMA-ran-PMAALi) and the LiBOB salt upon 
exposure to normal atmospheric conditions. 
 
The incorporation of room temperature ionic liquids (RTILs) to improve the ionic 
conductivity of the polymer matrix has been garnering a lot of interes  lately. The use 
of RTILs consisting of N-alkyl-N-methylpyrrolidinium cations and 
bis(trifluoromethanesulfonyl) imide anions (PYR1RTFSI) in PEO, have been shown to 
~ 10 mins ~ 30 mins 




achieve room temperature conductivities greater than 10−4 S cm-1 [29-33]. These 
RTILs also possess additional desirable properties like negligible vapor pressure and 
low room temperature viscosity. These advantages, however, are offset by poor 
interfacial stability towards lithium metal, low transference numbers and inadequate 
electrochemical stability window. Research into the development of ew ionic liquid 
chemistries is required to counter the conductivity limitations of current solid-state 
polymer electrolytes. Similar to pyrrolidine, saturated heterocyclic analogs of sulfur 
(alkylthiolanium) and phosphorous (alkylphospholanes) may serve as possible cation 
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